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Abstract: The performance of ZnO/ PbS colloidal quantum dot (CQD) based heterojunction 
solar cells is hindered by charge carrier recombination at the heterojunction interface. Reducing 
interfacial recombination can improve charge collection and the photocurrent of the device. 
Here we report the use of a mixed nanocrystal (MNC) buffer layer comprising zinc oxide 
nanocrystals and lead sulfide quantum dots at the respective heterojunction interface. Remote 
trap passivation of the PbS CQDs taking place within this MNC layer reduces interfacial 
recombination, electron back transfer and improves charge collection efficiency. Upon the 
addition of the MNC layer, the overall power conversion efficiency increases from 9.11% to 
10.16% and Short-circuit current density (JSC) increases from 23.54 mA/cm2 to 25.23 mA/cm2. 
Optoelectronic characterization of the solar cells confirms that the effects underlying device 
improvement are reduced trap density and improved charge collection efficiency due to the 
presence of the MNC buffer layer.     
Keywords:  colloidal quantum dots, PbS, interface recombination, photovoltaics, mixed 
nanocrystals  
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Introduction:  
Solution processed colloidal quantum dot (CQD) based photovoltaics (PV) have 
attracted significant research interest due to the advantages of low-cost solution processibility 
and optical properties tunability of CQDs1-3. In particular, rapid progress made in ZnO/ PbS 
CQD based solar cells has been facilitated by optimizing device architectures4, understanding 
the device physics5 and improving the electronic properties and surface passivation of QD films 
and devices6, 7. As a result, the power conversion efficiency (PCE) of CQD solar cells improved 
from 1% to over 11% in the last decade 8, 9. 
In spite of this tremendous progress, further improvements to suppress the various loss 
mechanisms that hinder the performance of these devices is still in search. Such a loss 
mechanism is the undesired interface recombination of photo-generated charge carriers. While 
non-radiative recombination in the PbS QD solids plays a major role in the open circuit voltage 
(VOC) deficit10-12, interfacial recombination at the ZnO/ PbS heterojunction influences the 
charge collection and hence the PCE13. High efficiency PbS quantum dot solar cells are based 
on a depleted heterojunction formed between the transparent n-type ZnO layer and the photo-
absorbing p-type (with respect to ZnO doping) PbS QD layer. Electron collection at the 
transparent electrode depends on the efficient electron transfer from PbS to ZnO and reduction 
of electron back transfer from ZnO to PbS. The latter is even more relevant when the solar cell 
is operated under realistic conditions in the maximum power point. Efficient electron transfer 
from PbS to the ZnO depends on the rate of charge transfer and the rate of interface 
recombination14. It is thus important to improve the charge transfer rate and decrease interfacial 
recombination for improved charge collection, particularly under maximum power point 
(MPP) operation. The reduction of the interfacial charge carrier recombination can be achieved 
via the reduction of interfacial charge carrier density and recombination velocity15. These 
parameters are influenced by the presence of defects in ZnO located in the vicinity of the 
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junction. Suppressing these defects can reduce the interfacial recombination and hence can 
enhance charge collection at the electrode.  
In the past, several techniques have been adopted to reduce the charge carrier 
recombination at the interface. For TiO2/PbS solar cells, a thin ZnO layer over TiO2 has been 
reported as an efficient buffer layer for reducing interface recombination16. Yuan et. al. showed 
that n-type PCBM ([6,6]-phenyl-61-butyric acid) can be an efficient buffer layer to replace the 
ZnO layer as it energetically fits in between the n-type and p-type layer of the heterojunction17. 
Doped ZnO has also been presented as an efficient buffer layer18 which changes favourably the 
n-type doping concentration at the electron accepting side of the device19. Recently, Zhao et. 
al. have demonstrated a CdSe buffer layer in PbS QD solar cell following the well-known CIGS 
solar cell buffer layer approach where band bending energetically helping in the smooth 
conduction of electron from PbS to ZnO20. Overall, an ideal interfacial buffer layer must be 
trap-free, nearly intrinsic as well as energetically favourable to fit in between ZnO and PbS, 
and such layer had thus far remained elusive. Instead of relying on the employment of other 
materials, in this work we report the use of a mixed nanocrystalline (MNC) layer comprising 
ZnO nanocrystals (NCs) and PbS CQDs i.e. the individual components of the heterojunction 
as a buffer layer that fulfils the aforementioned desired characteristics. Such a mixed 
nanocrystalline composite has been reported in the past to act as a nearly trap free material 
when used as a bulk heterojunction quantum dot layer 21, 22, achieving very high VOC and 
approaching the band-to-band recombination regime.   
The MNC layer is prepared using an optimized mixing weight ratio of PbS and ZnO of 
2:1 (details in experimental section of supporting information). The buffer layer was treated 
with MPA (3-mercaptopropionic acid, 5% in methanol) solution similar to the previous 
report21. To investigate the effect of the MNC layer as a buffer layer, we have compared the 
MNC-buffer-layer device with the reference solar cell where the active layer PbS QDs are 
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treated with 1-ethyl-3-methylimidazolium iodide (EMII) and the top electron blocking layer is 
treated with 1, 2 ethane dithiol (EDT) 23.  
Results & Discussions: 
Figure 1(a) is a schematic of the respective energy band alignment in short-circuit 
condition with the presence of MNC buffer layer. The buffer layer helps in electron transport 
with a favourable energy landscape along with a reduced trap state density and electron back 
transfer from ZnO to the PbS main absorber. The optimized thickness of the buffer layer is 
found to be 10 nm (1 layer). Supporting Figure S1 shows the effect of thickness variation of 
MNC buffer layer on the device performance compared to the reference device. Increasing the 
thickness of the MNC layer from 10 to 40 nm decreases gradually the PCE of the devices. The 
major reason for this decrement is associated with the decrease of both short circuit current 
density (JSC) and fill factor (FF). The FF is highly influenced by the increase of series resistance 
(Rs) upon increasing the thickness of the MNC layer. Interestingly, the open circuit voltage 
(VOC) of the devices with the MNC layer improved slightly. This indicates that the MNC buffer 
layer facilitates the decrease interface charge recombination. The thickness of the EMII treated 
layer for both the devices was approximately 180-190 nm and the EDT layer thickness was 
close to 30-35 nm whereas the thickness of the ZnO layer was approximately 50 nm. The FIB 
SEM (scanning electron microscopy) figures for devices with and without the MNC buffer 
layer are shown in Supporting Figure S2.           
The efficiency of the solar cells are estimated from the current density-voltage (J-V) 
plot as depicted in Figure 1(b). Table 1 summarises the photovoltaic figures of merits for the 
reference and the MNC buffer layer containing devices. The incorporation of the MNC layer 
improves JSC from 23.54 mA/cm2 to 25.23 mA/cm2 whereas the VOC (0.6 V to 0.61 V) and FF 
(0.65 to 0.66) also improved slightly. Overall, the PCE improves from 8.80±0.24 % to 
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9.87±0.17 % (from 9.11% to 10.16% for the champion devices). It is noteworthy that with the 
incorporation of the MNC buffer layer, series resistance (Rs) increased from 96 ߗ to 103 ߗ 
whereas the shunt resistance (Rsh) improved from 22.40 kߗ to 26.18 kߗ which indicates that 
the MNC buffer layer decreases current leakage at the heterojunction interface. The decrease 
of leakage current and the improvement of VOC reflects also on the dark current- voltage 
analysis as shown in Figure 1(c). VOC of the solar cell can be expressed as, ைܸ஼ ൎ ఎ௞்௤ ln	ሺ
௃೛೓
௃బ ሻ. 
Where િ is the diode ideality factor, J0 is the reverse saturation current density and Jph is the 
photo-generated current density. Decrease of J0 is observed with MNC buffer layer 
incorporation which indicates the reduction leakage current and slight increase in VOC. The 
decrease in calculated િ	(1.64 to 1.55 with MNC layer incorporation) from the dark current 
also indicates the reduction of interfacial recombination in the device. We have further 
performed Mott-Schottky analysis of capacitance-voltage (C-V) of our devices in an attempt 
to understand how the MNC buffer layer impacts the built-in potential (Vbi) and other 
characteristic of the heterojunction. Supporting Figure S3 shows the 1/C2-V measurements 
(and respective linear fits) of the devices. From there we extrapolate that the MNC buffer layer 
improves Vbi from 0.63 V to 0.68 V. The improved Vbi allows for more efficient charge transfer 
and charge collection. 
  JSC improves with the addition of the MNC layer because the latter improves charge 
collection. To verify this, we investigated the external quantum efficiency (EQE) of the devices 
with and without an electrical bias. In accordance to previous reports, the external bias is set to 
the value corresponding to the maximum power point (MPP) of the device 24. The EQE spectra 
without an applied bias are shown in Figure 2(a). These confirm that MNC incorporation 
improves the devices´ JSC as the integrated JSC from EQE spectra for MNC buffer layer is 21.7 
mA/cm2 compared to 19.8 mA/cm2 of reference device. We attribute the apparent change in 
the shape of EQE spectrum between these two devices to the interference peak shift with the 
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optical thickness change due to the incorporation of MNC layer. The EQE spectra for the MPP 
points of the devices are shown in Figure 2(b). The integrated JSC from EQE for reference 
showed much degraded value of 13.7 mA/cm2 compared to 19.4 mA/cm2 for the MNC buffer 
layer incorporated device. The difference between the EQE of reference and MNC layer 
incorporated devices with and without MPP-bias are shown in Figure 2(c), where we observe 
that this difference is increased when the MNC buffer layer is present. This confirms that the 
MNC buffer layer reduces interfacial recombination and enhances charge carrier collection 
efficiency even under low built-in electric field of the junction, as is the case under the MPP 
condition. Moreover, the screening of MNC layer over the ZnO has a significant effect on the 
hysteresis of the I-V curve. Supporting Figure S4 (a) & (b) show the hysteresis behaviour of 
the I-V curves for reference and MNC interface devices. It is observed that the MNC buffer 
layer dramatically decreases hysteresis. This can be attributed to the fact that the charge 
accumulation and transfer at the heterojunction with different voltage bias is influenced by the 
presence of interfacial traps25. The presence of such traps result in accumulation of photo-
generated carrier at the heterojunction interface which subsequently cause significant 
hysteresis during the J-V scan. This charge accumulation and associated hysteresis is greatly 
suppressed by inserting the MNC layer. 
We have also investigated the effect of MNC buffer layer on the stability of the cells. 
Figure 3 illustrates the evolution of different PV parameters for reference device and the MNC 
buffer layer inserted device (champion devices in both cases) up to 40 days stored and 
measured in ambient conditions. For both cases, VOC and JSC increased with time and then 
saturated similar to the earlier reported results4. Interestingly, the FF of the reference device 
decreased with time contrary to the MNC buffer layer inserted device which demonstrates a 
remarkably stable FF. Overall, the efficiency of the reference device slightly decreased after 
40 days whereas the buffer layer improves the stability as shown in Figure 3(d). The major 
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reason for this improvement attributed to the stable value of FF over the course of the period. 
The insertion of the buffer layer at the heterojunction reduced recombination induced leakage 
and hence improve FF. This also supports previously explained reduction of hysteresis loss and 
field induced interfacial recombination.       
We sought to further understand the effect of MNC buffer layer on charge collection 
and recombination. Intensity (ߔ) dependent photocurrent (Jph) variation shows that both 
reference and MNC devices have linear power dependency (ܬ௣௛ ∝ ߔ௣, p = 1) (Figure 4(a)). 
The diode ideality factor (િ) of the devices is estimated from the intensity dependent VOC 
relation, ைܸ஼ ൎ ఎ௞்௤ ln	ሺߔሻ , where kT is the thermal energy and q is the elementary charge 
(Figure 4(b)). The estimated િ for the reference device is 1.51 which is consistent with 
previously reported PbS QD based depleted heterojunction solar cells. િ close to 1 indicates 
the transition into band to band recombination regime whereas િ in between 1 and 2 indicates 
trap induced recombination26. Inserting the MNC layer reduced the value of િ to 1.38. This 
reduction in િ	follows	a	similar	trend	in	the	aforementioned	dark	current	method which 
indicates the reduction of interfacial recombination with the buffer layer.   
The charge carrier recombination dynamics of the solar cells were further investigated 
with combined transient photo-voltage (TPV) and photocurrent (TPC) measurements. 
Recombination lifetime (ૌr) was calculated from an exponential fit on the photo-voltage 
transient curve. The TPV and TPC plot for both devices at a VOC bias of 0.41 V is shown in 
Supporting Figure S5. The variation of ૌr with VOC is plotted in Figure 4(c) and it shows that 
the recombination is slowed by the addition of the MNC buffer layer. Moreover, the photo-
generated charge carriers are estimated by combining TPV and TPC data26-29 and this 
information is used for calculating the recombination rate by dividing the charge density by 
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recombination lifetime as depicted in Figure 4(d). Therein it is evident that the MNC interface 
device benefits from a lower recombination rate in agreement with our original hypothesis.    
Conclusions: 
We have shown that the insertion of a thin ZnO/PbS QD MNC layer acts as an efficient 
interfacial buffer layer in ZnO/ PbS heterojunction solar cells. Various device characterization 
measurements confirm the effectiveness of the MNC buffer layer for supressing interface 
recombination, improving charge collection at the respective side of the heterojunction, and 
ultimately for improving all the photovoltaic figures of merit of the solar cells. The improved 
photovoltaic performance and stability of the devices, combined with the simple solution 
processibility of the MNC buffer layer, renders this concept an attractive option to be 
considered for improving various other types of nanostructured heterojunction solar cells. 
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Table 1: Summary of photovoltaic figures of merit for Reference PbS QD based and MNC 
interfacial buffer layer incorporated devices (average over 6 devices for each case). The values 
in brackets indicate the champion device. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Device VOC (V) JSC 
(mA/cm2)
FF Efficiency 
(%) Rs (ߗ) Rsh (kߗ)
Reference 0.593±.005
(0.60) 23.26±0.30(23.54) 0.640±0.011(0.65) 8.80±0.24(9.11) 96±14 (99) 21.00±2.73(22.40) 
With MNC 
interface 0.605±.005(0.61) 25.06±0.13(25.23) 0.651±.005(0.66) 9.87±0.17(10.16) 103±5 (96) 25.33±2.54(26.18) 
13 
 
Figures:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: (a) Schematic energy band alignment of the device with inserting MNC layer in short-
circuit condition. The MNC layer facilitated electron transport and increases charge collection 
efficiency. (b) Photovoltaic performance of Reference and MNC buffer layer based device. (c) 
Dark current of Reference and MNC buffer layer inserted device. 
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Figure 2: EQE spectra for both devices at (a) 0 V and (b) at MPP (maximum power point) bias. 
(c) Spectral EQE difference between reference and MNC buffer layer-device at 0 V and MPP. 
Voltage bias dependence of charge collection is less effective with MNC buffer layer 
incorporation. 
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Figure 3: Comparison of the evolution of PV parameters ((a) JSC, (b) VOC, (c) FF, (d) 
Efficiency) between reference and MNC buffer layer inserted devices (champion devices in 
both cases) up to 40 days stored in ambient condition.   
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Figure 4: Intensity dependent (a) photocurrent and (b) VOC variation for Reference and MNC 
interface devices. (c) Comparison of recombination lifetime (ૌr) (d) Recombination rate (R) 
for both devices. 
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